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The Hsp70 co-chaperone CHIP has recently gained
attention as a regulator of protein turnover. CHIP
has now been reported to be a component of the
ubiquitination cascade, specifically an E3 ligase.
CHIP appears to be part of a system that diverts
incorrectly folded proteins from chaperones to the
proteasome.
Inside the crowded environment of a living cell there 
is a struggle over polypeptides exhibiting non-native
conformations. Two alternative fates await these
aggregation-prone species: either they are targeted
for proteolysis by the cellular degradation machinery,
or they are shielded from aggregation and fold to the
native state with the help of molecular chaperones.
Although we still know little about how the decision
between these two fates is reached, degradation and
refolding per se have been studied in considerable
detail. In the case of targeted protein degradation, pro-
teins exposing a degradation signal are marked for
proteolysis by the 26 S proteasome by covalent
attachment of the small protein ubiquitin [1]. Modifica-
tion with ubiquitin chains requires a cascade of
enzymes: a ubiquitin activating enzyme (E1), a ubiqui-
tin conjugating enzyme (E2), a ubiquitin protein ligase
(E3) and, for some substrates, a ubiquitin chain elon-
gation factor (E4). Molecular chaperones of the Hsp70
family recognize stretches of hydrophobic amino acids
that are aberrantly exposed on the surface of a protein.
Substrate interactions of Hsp70 chaperones are tightly
regulated by their ATPase activities, which are in turn
delicately fine-tuned by a variety of positive and nega-
tive modulators [2,3]. Quite unexpectedly, two such
modulators, the Bcl-2 associated athanogene (Bag-1)
and the carboxy-terminus of Hsp70-interacting protein
(CHIP), have recently been implicated in cytosolic
degradation pathways [4–6], putting molecular chaper-
ones at the center of the decision process between
folding and degradation of non-native polypeptides.
Bag-1 and CHIP are both modular proteins whose
domain architectures suggested participation in ubiqui-
tin-related processes, thus bridging chaperone activity
and substrate degradation (Figure 1). Bag-1 was first
identified as a suppressor of programmed cell death.
Further cellular functions have since been ascribed to
Bag-1, including stimulation of Raf-1 kinase, regulation
of steroid hormone receptor activity and transcriptional
regulation (reviewed in [7]). The protein exists in several
translation initiation isoforms, and a family of mam-
malian paralogues has also been found [7]. All family
members possess as a common signature motif the
carboxy-terminal BAG domain. This domain interacts
with the ATPase domain of Hsp70 [8], thereby acceler-
ating exchange of ADP for ATP [9] and stimulating sub-
strate protein release [10]. Intriguingly, Bag-1 and Bag-6
(also called Scythe or Bat3) have an amino-terminal
ubiquitin-like (UBL) domain. Bag-1 has been shown to
associate with the 26 S proteasome via its UBL domain,
and has been proposed to thereby recruit Hsp70 to the
proteasome [5]. At the proteasome, Bag-1 could act as
unloading factor (Figure 2) that promotes direct delivery
of Hsp70 substrates for degradation.
CHIP was identified in a homology screen for tetra-
tricopeptide repeat (TPR) domain-containing proteins
[11]. The TPR domain mediates protein–protein inter-
actions, including those of Hsp70 and Hsp90 chaper-
ones with some of their co-chaperones [3,12]. CHIP
has three amino-terminal TPR domains that are nec-
essary for its binding to Hsp70 and Hsp90 (Figure 1).
Interaction of CHIP with Hsp70 and Hsp90 was found
to interfere with substrate (re)folding by inhibiting the
Hsp70 ATPase activity [11] (Figure 2) and dissociating
Hsp90-substrate complexes [4] (Figure 3), respec-
tively. The carboxy-terminal part of CHIP contains a U-
box, a domain first identified in the yeast E4 ubiquitin
chain elongation factor UFD2 [13]. Based on homol-
ogy modelling, the U-box has been proposed to
resemble structurally the RING-finger domains found
in a subclass of E3 ubiquitin ligases [14]. This strongly
suggested a role of CHIP in the ubiquitin-proteasome
pathway. Indeed, an involvement of CHIP in substrate
ubiquitination was recently demonstrated in vivo for
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Figure 1. Domain organization of Bag-1 and CHIP.
Protein motifs mediating the interaction of different Bag-1 iso-
forms and CHIP with molecular chaperones (Hsp70, Hsp90)
and the 26S proteasome (26S) are indicated by coloured boxes.
UBL domain, blue; BAG domain, red; TPR domain, yellow; 
U-box, green.
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two different chaperone substrates, the cystic fibrosis
transmembrane conductance regulator (CFTR) and
the glucocorticoid receptor (GR; Figure 3) [4,6].
Three recent studies [15–17] have now addressed
the role of CHIP in protein ubiquitination in more detail.
Hatakeyama et al. [15] characterized the function of six
mammalian U-box proteins, among them CHIP and
two homologues of yeast UFD2, in in vitro ubiquitina-
tion reactions with endogenous substrate proteins of
the bacterial cell extracts used for the assays and spe-
cific E2 enzymes implicated in the cellular stress
response. All six U-box proteins resembled RING-
finger E3 ligases in that they were found to mediate
ubiquitination of undefined bacterial proteins and/or
themselves. The authors further showed that an intact
U-box is required for this E3-like activity. Jiang et al.
[16] similarly showed that CHIP is an E3 ligase, on the
basis of its ability to ubiquitinate itself and Hsc70 in an
E2-specific and U-box-dependent manner. 
Finally, as recently reported in Current Biology,
Demand et al. [17] have shown that CHIP acts as an
E3 ligase in the ubiquitination of Raf-1 kinase in 
bacterial lysates. This led to reconsideration of Bag-1’s
possible role in CHIP-mediated ubiquitination
processes. The authors were able to detect a direct,
though weak, interaction between Bag-1 and CHIP. As
Bag-1 binds to the proteasome and has some affinity
for ubiquitinated substrates, Demand et al. [17] spec-
ulate that Bag-1 could act in concert with, or down-
stream of, CHIP to target ubiquitinated substrates to
the proteasome. Consistent with this idea, the over-
production of Bag-1 and CHIP together in cell culture
resulted in a stronger reduction of GR levels than
overproduction of CHIP alone [17].
Together, these recent experiments indicate that
CHIP plays a role in the negative regulation of chaper-
one-mediated protein folding and in the ubiquitination
of non-native chaperone substrates. CHIP has thus
emerged as a critical modulator of chaperone function
with regard to the fate of substrate proteins. In contrast,
the role(s) of Bag-1 in chaperone function is less clear.
Although Bag-1 can, depending on its concentration,
act as either a positive or negative modulator of Hsp70
refolding activity in vitro [10], its precise function in vivo
remains to be elucidated. Intriguingly, however, it
appears that CHIP and Bag-1 both interact with molec-
ular chaperones, their substrates, each other and the
proteasome, leading to the attractive speculation that
all these factors could be localized at the proteasome
to form a ‘super-complex’ that may be optimized for
efficient substrate protein degradation. There is indeed
some precedent for such complexes, in that the 26 S
proteasome was found to interact with various compo-
nents of the cellular chaperone and degradation
machineries, including ubiquitin ligases, Hsp70, Hsp90
and the p97/CDC48 AAA ATPase [18,19].
A number of important questions about the mecha-
nism and physiological relevance of CHIP- and Bag-1-
mediated substrate degradation remain to be
addressed. With respect to Bag-1, at least two alter-
native mechanisms can be envisioned to account for
its activity in protein degradation. Bag-1 might trigger
the dissociation of Hsp70–substrate complexes at the
proteasome and thereby enable the proteasome-
associated ubiquitination machinery to mark the sub-
strates for degradation [5,17] (Figure 2). Alternatively,
Bag-1 might inhibit binding of Hsp70 to non-native,
already ubiquitinated substrates at the proteasome
and thereby prevent futile refolding attempts by
Hsp70. In addition, the lack of a UBL domain in several
members of the Bag family [7] suggests that Bag pro-
teins also regulate cellular Hsp70 activities that are
independent of the proteasome.
With respect to CHIP, it has to be noted that the data
demonstrating an E3-like ubiquitin ligase activity so far
rely largely on in vitro experiments employing poorly
defined substrates and on overexpression studies. But
is CHIP both necessary and sufficient for the ubiquiti-
nation of physiological chaperone substrates at
endogenous expression levels in vivo? The answer to
this question probably has to await the establishment
of stable cell lines allowing the tight control of CHIP
expression levels. Alternatively, use of CHIP-depleted
Figure 2. Modulation of  the Hsp70 chaperone cycle by Bag-1
and CHIP.
Hsp70 (dark blue, ATPase domain; light blue, substrate-binding
domain) interacts with non-native substrates in a low-affinity
ATP conformation (substrate binding domain open) or a high-
affinity ADP conformation (substrate binding domain closed).
Substrates are locked in the ADP conformation, and thereby
shielded from aggregation, by rapid, Hsp40-stimulated ATP
hydrolysis. Subsequent nucleotide exchange recycles Hsp70 to
the ATP state and leads to substrate release, enabling sub-
strates to fold to their native conformation [2]. At low concen-
trations, free Bag-1 accelerates nucleotide exchange via its BAG
domain in a manner productive for substrate folding [10] (right
cycle). In contrast, nucleotide exchange and substrate release
stimulated by Bag-1 bound to the 26 S proteasome via its UBL
domain is proposed to mediate efficient substrate degradation
[5,17] (left cycle). For simplicity, substrate ubiquitination is not
shown. The mechanism of negative regulation by CHIP is not
known in detail. CHIP binds to the carboxy-terminal region of
Hsp70 via its TPR domain and inhibits Hsp40-stimulated ATP
hydrolysis [11], thereby probably interfering with tight substrate
binding. Bag-1 and CHIP domains are colour-coded according
to Figure 1. (Electron microscopic picture of the 26 S protea-
some kindly provided by W. Baumeister.) 
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in vitro translation systems for the production of the
model substrate GR might prove informative. Along the
same lines, it will be important to clarify whether CHIP
and other U-box proteins indeed represent a new family
of E3 ubiquitin ligases, as proposed by the authors of
the new studies [15–17], or whether instead they have
E4 ubiquitin chain elongation activity, as initially sug-
gested by the homology to the prototypic U-box protein
UFD2 [13]. The latter possibility would be consistent
with the low efficiency of CHIP-mediated ubiquitination
observed in the in vitro assays using Raf-1 and Hsc70
as substrates [16,17].
Furthermore, physiological substrates of the pro-
posed CHIP/Bag-1-containing proteasomal ‘super-
complex’ need to be identified. Given the low endoge-
nous levels of CHIP, and in particular Bag-1, as com-
pared to the abundance of chaperones and protea-
somes, CHIP/Bag-1-mediated ubiquitination and
degradation is unlikely to be a major pathway of bulk
protein degradation. Rather, it might be a tightly regu-
lated process for a small range of specific substrates.
If so, what are these substrates? 
And finally, the studies establishing an involvement of
CHIP and Bag-1 in chaperone substrate degradation do
not yet provide a satisfying answer to the most central
question: what property of a chaperone substrate con-
stitutes the signal for degradation rather than refolding?
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Figure 3. Re-modelling of chaperone–glucocorticoid receptor
(GR) complexes by CHIP.
Ordered, nucleotide-dependent interactions of Hsp70, Hsp90
and the co-chaperones Hop and p23 with folding competent GR
molecules are necessary for hormone (H)-induced folding of GR
(top; reviewed in [20]). Alternatively, CHIP binding via its TPR
domains to Hsp70 and/or Hsp90 induces dissociation of p23 and
Hop from the chaperone–GR complex. Specific ubiquitin conju-
gating enzymes (E2s) are recruited to the U-box of CHIP and cat-
alyze the attachment of ubiquitin (Ub) chains to GR (bottom).
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